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(54) Tunable liquid microlens 

(57) A tunable liquid microlens (100) includes an in- 
sulating layer (104). a droplet of a transparent conduct- 
ing liquid (102) disposed on a first surface of Hie insu- 
lating layer and a pluraTity of electrodes (1 06) insulated 
from the droplet by the insuiating layer (104). The piu- 



rality of electrodes are disposed such that they may be 
selectively biased to create a respective voltage poten- 
tial between the droplet and each of the plurality of elec- 
trodes, whereby a contact angle (8) between the droplet 
and the first surface is variable and the droplet may be 
repositioned along the first surface. 
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Description 

FIELD OF THE INVENTION 
s [0001] The present Invention relates to microlenses, and more particularly to liquid microlenses. 
DESCRIPTION OF THE RELATED ART 

[0002] Most tunable microlenses are either gradient Index (GRIN) lenses with ttie refraction index controlled elec- 
ts trostatlcally or flexible polymeric lenses with the shape controlled mechanically. Both technologies have inherent lim- 
itations that impose severe restrictions on the performance of these existing tunable microlenses. 
[0003] Tunable gradient index lenses have Inherent limitations associated with the relatively small electro-optic co- 
efficients tbund in the majority of electro-optic materials. This results in a small optical path modulation and, therefore, 
requires thick lenses or very h^h voltages to be employed. In addition, many electro-optic materials show strong 
IS birefringence that causes polarization dependence of the microlens properties. 

[0004] Mechanically adjustable flexible lenses typically have a substantially wider range of tunabillty than the gradient 
Index lenses. However, they require external actuation devices, such as micropumps. to operate. Microintegratlon of 
such devices involves substantial problems, especially severe in the case where a two-dimensional array of tunable 
nticroienses is required. 

20 [0005] Attempts have also been made to use other technologies to produce tunable microlenses, such as liquid 
microlenses controlled through self assembled monolayers (SAMs). Some of these attempts are described in U.S. 
Patent No. 6,014^59 to Wohlstadter, issued January 11 , 2000, the entirety of which Is hereby incorporated by reference 
herein. IViicroienses utilizing self assembled monolayers, however, also suffer from several problems, including severe 
limitations on material selection and strong hysteresis leading to the failure of the microlens to return to an original 

^ shape after a tuning voltage Is disconnected. Additionally, none of the above-described microlenses aDow for both lens 
position adjustment and focal length tuning. 

SUMMARY OF THE INVENTION 

30 [0006] A tunable liquid microlens includes an insulating layer, a droplet of a transparent conducting liquid disposed 
on a first surface of the Insulating layer and a plurality of electrodes insulated from the. droplet by the insulating layer. 
Ttie plurality of electrodes are disposed such that they may be selectively Uased to create a respective voltage potential 
between the droplet and each of the plurality of electrodes, whereby a contact angle between the droplet and the first 
surface is variable and the droplet may be repositioned along the first surface. Note that by transparent it is meant 

39 transparent at the iigtit frequency of interest, which may or may not be visible. 

[0007] The tunable liquid microlens aiiows for both lens position adjustment and focal length tuning. In addition, ttie 
tunable liquid microlens provides greater freedom in material selection. 

BRIEF DESCRIPTION OF THE DIWVINGS 

40 

[0008] The accompanying drawings illustrate preferred embodiments of the invention, as well as other Intbrmation 
pertinent to the disclosure, in which: 

RG. 1 A is a diagrammatic representation of light waves passing through a liquid microlens; 
45 RG. IB is a diagrammatic representation of the electrowetting phenomena; 

FIG. 2A is a diagrammatic representation of a tunable liquid microlens of the present Invention; 
FIG. 2B illustrates one exemplary electrode pattern for a tunable liquid microlens of the present invention; 
RGS. 20-2E Illustrate the reaction of the tunable liquid microlens of the present Invention to selected biasings of 
the electrodes of RG. 2B; 

so FIGS. 3A-C are diagrammatic representations of exemplary embodiments of a tunable liquid microlens according 

to the present invention; 

RG. 4 IDustrates an optical system Including a tunable liquid microlens of the piesent invention; and 

RG. 5 is a diagram of an apparatus including a planar waveguide and a tunable liquid microlens of the present 

Invention. 

55 

[0000] It should be understood that the figures are included for illustrative purpoms and are not drawn to scale. 
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DETAILED DESCRIPTION 

[0010] Before the tunable liquid microlens cf the present Invention Is described In detail, a description of a liquid 
microlens generally and a description of the electrowetting phenomena are first provided. 

s [001 1] Referring to FIG. 1 A, a liquid microlens 10 is shown. The microlens 10 includes a small droplet 12 of a trans- 
parent liquid, such as water, typlcdDy (but not necessarily) with a diameter from severri micrometers to several millim- 
eters. The droplet 12 is disposed on a transparent substrate 14. The substrate Is typically hydrophobic or includes a 
hydrophobic coating. The liquid and substrate need only be transparent to light waves having a wavelength wilhin a 
selected range. LIgttt waves are illustrated by reference numeral 16. Light waves pass through liquid microlens 10 and 

10 focus at a focal point or focal spot (designated by reference numeral 18) in a focal plane that Is a focal distance T 
from the contact plane between droplet 12 and substrate 14. 

[0012] The contact angle "0" t^etween the droplet 12 and the substrate 14 is determined by inlerfaciai tensions "Y* 
generally measured in milil-Newtons per meter (mN/m). As used herein, is the interfiaclal tension t>etween the 
substrate and the air, gas or other liquid that surrounds the substrate 14, ^^.y Is the Interfadal tension between the 
15 droplet 12 and the air, gas or other liquid that surrounds the droplet 12. and Ys.^ ^ ^ interfadal tension between the 
substrate 14 and the droplet 12. The contact angle 6 may be determined from equation (1): 



20 



29 



Equation (1) cos G = 

TltV 

Ttie radius "R" In meters of the surfiaoe curvature of droplet 12 is determined tiy the contact angle 8 and the droplet 
volume in cubic meters (nP) according to equation (2) as follows: 

Equation (2) 3Volume 

7c(1 - COS 6) (2 - cos 6 - cos 8) 



Ihe focal length In meters is a function of the radius R and the refractive indices "n", where nu^^i^ is the refractive 
30 index of the droplet 12 and ny^„ is the refractive index of the air, gas or c^her liquid tiiat surrouruls the droplet 12. 
The focal length f may be determined from equation (3): 



Equation (3) f = 



j5 "Uquld ' "Vapor 

The refractive index of the substrate is not Important because of the parallel entry and exit planes for the light waves. 
The focal length of the microlens 10, therefore, is a function of the contact angle 9. 

[0013] FIG. IB demonstrates that the phenomena of electrowetting may t>e used to reversibly change the contact 
40 angle 0 between a droplet 22 of a conducting liquid (which may or may not be transparent) and a dielectric Insulating 
layer 24 having a thlcioiess designated as "d" and a dielectric constant er. An electrode, such as metal electrode 26, 
is positioned below the dielectric layer 24 and is insulated from the droplet 22 by layer 24. The droplet 22 may t)e, for 
example, a water droplet, and the sut)strate 24 may t>e, for example, a Teflon/Parylene surface. 
[001 4] When no voltage difference Is present l^etween the droplet 22 and the electrode 26, the droplet 22 maintains 
45 a shape defined by the volume of the droplet 22 and contact angle 8i , where Is determined by the Intertadal tensions 
Y as explained above. The dashed line 28 illustrates that the the droplet 22 spreads equally across layer 24 from its 
central position relative to electrode 26 when a voltage Is applied between electrode 26 and droplet 22. The voltage 
may range from several volts to several hundred volts. Specifically, the contact angle 8 decreases from 8^ to 0^ when 
the voltage is applied, regardless of polarity, t)etween electrode 26 and the droplet 22. The amount of spreading, i.e., 
so as determined by the difference between Oi and 82, is a function of the applied voltage V. The contact angle 62 can be 
determined from equation (4): 

Equation (4) oose(V) = cos 8(V=0) + V^. 



where cos 8 (V=0) is the contact angle between the insulating layer 24 and the droplet 22 when no voltage is applied 
between the droplet 22 and electrode 26, tl-v ^ droplet interfadal tension described atx)ve, 8^ is the dielectric 
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constant of the insulating layer, and eg is 8.85 X My^^ F/m - the pennittivfty of a vacuum. 

[001 5i FIGS. 2A and 2B illustrate a tunable liquid microlens that is capable of varying both position and focal length 
as described hereafter. Referring to FIG. 2A specifically, a tunable liquid microlens 100 Includes a droplet 102 of a 
transparerrt, conductive liquid disposed on a first surface of a trartsparent. dielectric insulating layer 1 04. Ttie insulating 

s layer 104 may be, for example, a polylmlde coated with a fluorlnated polymer, such as a highly fluorfnated hydrocarbon. 
In any case, the insulating layer 104 should provide predetermined values of contact angle and contact angle hysteresis 
and have a high dielectric breakdown strength that is appropriate for the applied voltages. The microlens 100 includes 
a plurality of electrodes 106a-106d insulated from the droplet 102 by insulating layer 104. The microlens 100 may also 
Include a transparent supporting substrate 110 which supports the electrodes 108 and insulating layer 104. The eiec* 

to trodes 106 and the supporSng substrate 110 may t)e, for example, gold and glass, respectively. 

[OOIQ FIG. 2B is a fop plan view of an exemplary configuration for the electrodes 106a-1 06d. Althou^ one config- 
uration of four electrodes 106a-106d is shown, other numbers, combinations and patterns of electrodes 106 may t>e 
utilized depending upon the desired level of control over the tuning of the microlens 100. Each electrode 106a-106d 
is coupled to a respective voltage V^-V4 and droplet 102, which Is centered InttiaDy relative to tfie electrodes 106, Is 

15 coupled to a droplet electrode 108, which Is coupled to a voltage Vb. 

[0017] When there is no voltage diflerenoe between the droplet 102 and any of the electrodes 106 (i.e., 
V^=V2=V3=V4= Vo) and the droplet is centered relative to the electrodes 106 and quadrants 1 through IV. the droplet 
102 assumes a shape as determined by contact angle 8 and the volume of dropl^ 102 In accordance with equations 
(1H3) explained atxsve. FIG. 20 illustrates this Initial position of droplet 102 with a dashed Ime. Ttie position of droplet 

20 102 and the focal length of the microlens 100 can be adjusted by selectively applying a voltage potential between the 
droplet 102 and the electrodes 106. If equal voltages are applied to ail four electrodes, i.e., V^=V2=V3=V4^Vo, then 
the droplet 102 spreads equally within quadrants I, II, III, and IV (l.e., equally along lateral axes X and Y) as shown by 
the dashed line of FIG. 2D. In essence, the contact angle 6 between the droplet 102 and Insulating layer 104 decreases. 
In so doing, the focal length of the microlens 100 Increases from tfie focal length of the microlens at the initial contact 

25 angle 0 (i.e., when V^ =V2=V^=V^= Vo). 

[0018] RG. 2E illustrates that the lateral positioning of the droplet 102 along the X and Y axes can also be changed 
relative to the initial location of the droplet 102 on the first surboe of insulating layer 104 tsy selectively biasing the 
electrodes 106 relative to droplet 102. For example, by making Vi=V3=Vo and by making V2 greater 1fianV4^ the droplet 
102 is attracted toward the higher voltage of electrode 106b and moves toward quadrant 11. By adjusting the lateral 

30 position of the droplet 102. the lateral position of the focal spot of the microlens in the focal plane is also adjusted. 
[0019] It should be apparent from the above examples that the electrodes 106 can be selectively biased relative to 
the droplet electrode (and thus droplet 102) In any number of combinations In order to adjust the contact angle 0 and 
thereby to modify the focal length of the microlens 100. Likewise, the electrodes 106 can be selectively t>iased in any 
number of combinations to reposition the droplet 102 relative to an Initial location on the Insulating layer 1 04, whereby 

35 the lateral position of the focal spot of the microlens Is adjusted. Therefore, the mteroiens allows for the adjustment of 
the focal spot In three dimenstons - the position of the focal spot as determined by the focal length and the lateral 
position of the focal spot In the focal plane that is parallel with the first surface of the microlens and Is a focal length 
away from the microlens. 

[0020] FIG. 3A illustrates one manner of coupling the droplet 102 to a voltage Vo, such as ground or other constant 

40 voltage level. Microlens 100a may include a supporting sutratrate 110a wfrich includes a conductive glass, such as 
Indium tin oxide glass. The conductive glass is coupled to voltage Vo and an electrode 116 couples the sutjstrate 1 10a 
to the droplet 1 02 . The electrode 116 and supporting substrate 1 1 0a may collectively be considered a droplet electrode. 
FIG. 3A also illustrates that the insulating dielectric layer 104 may include a dielectric layer 114 and a hydrophobic 
coating layer 112. The coating layer 112 should provide a relatively high contact angle 0. One example is a highly 

49 fluorinated polymer, such as a Tefion or other material with chemical structure similar to Teflon. Low surface energy 
materials, such as silicon-containing polymers or molecules are also appropriate, in one embodiment, insulating layer 
104a includes a coating layer 112 that is a Teflon film disposed on a polyimide dielectric layer 114. 
[0021] In an alternative embodiment of a microlens 100B shown in the isometric view of FIG. 3B. droplet electrode 
116 may be, for example, a gold electrode evaporated or otherwise deposited on a first surface of an insulating layer 

so 104 (not shown) in an area or plurality of areas tfiat ensures that the electrode 116 maintains contact with the droplet 
102 when the droplet 102 changes position along the first surface of the Insulating layer 104. Although the electrode 
116 is disposed to maintain contact with the droplet 102 when the droplet 102 changes positton. the droplet 102 is 
substantially disposed on the first surface of Insulating layer 104. The microlens 100B may Include a supporting sub- 
strata 110a that need not t>e conductive and may be, for example, norMX>nductive glass that serves as a mechanical 

S5 support layer for insulating layer 1 04 and the electrodes 1 06. In that case, droplet electrode 116 may be coupled directly 
to a voltage Vo. AHematively, the supporting layer 110a may be a conductive glass substrate that Is coupled to a voltage 
Vo. In that embodiment, the droplet electrode 116 may be coupled to the supporting layer 110a. Also shown in RG. 
3B are electrodes 106a-106d and their respective power leads 118a-116d which are coupled to voltages V1-V4, re- 
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spectively. Although an insulating layer 1 04 Is not shown in FIG . 3B, this is for iiiustrative purposes only, and an Insulating 
layer 104 Insulates the droplet 102 and electrode 116 from electrodes 106a-106d. 

[0022] FIG. 30 Illustrates an exemplary embodiment of a tunable liquid mlcrolens 100C where no electrode 116 Is 
required, thereby reducing any potential interference with the microlens from electrode 116. IVIIcrolens 100C Includes 

0 droplet 102 disposed on a first surface of an Insulating layer 104b. Mlcrolens 100C also includes a transparent con- 
ductive supporting layer 11 Oa which serves as a droplet electrode disposed along a second surface of insulating layer 
104b opposite the first surface of insulating layer 104b. Microlens 100C Is shown in cross-section to illustrate that 
insulating layer 104b includes an aperture 118 defined by the insulating layer 104b and continuing there through. The 
droplet 102 occupies at least a part of the aperture 118. thereby placing the droplet 102 In electrical communication 

10 with the droplet electrode, i.e., supporting substrate 11 Oa. The supporting substrate 110a is then coupled to a voltage 
Vo. In this exemplaiy embodiment, ttie Insulating layer 104b also does not tiave to be transparent as long as the 
apertura is wide enough so that the light that penetrates through the aperture is sufficient for the particular application. 
[0023] The liquid droplet may be any liquid which is transparent to the desired wavelength and which is intrinsically 
conductive or which can be made conducth^e, such as through the use of various ad<fitlve. TVplcal examples Includes 

IS aqueous solutions of various salts. The electrodes may be any solid conductive materials, which may or may not be 
transparent, such as gold, aluminum, or indium tin oxide glass. The insulating layer may be any solid dielectric or a 
set of solid dielectrics that provide high enough dielectric strength and predefined values of contact angle and contact 
angle hysteresis. The Insulating layer may or may not be transparent Examples Include solid polymers, such as poly- 
imlde and parylene. TTie supporting sutratrate may be any substrate ttiat is transparent to a given wavelength, such 

20 as glass or a solid polymer. The applied voltages depend upon the selected materials, the layout of the microlens, and 
the desired change in the contact angle, as guided by the above equations (1)-(4). Typical voltages may vary between 
0 volts and approximately 200 volts, although the acceptable voltages are not limited to this range. 
[0024] In one emtxxilment, the liquid droplet of the microlens may be substantially encompassed t]y a liquid that is 
Immiscible with the droplet. The surrounding liquid may help to prevent the microlens droplet from evaporating. When 

20 the droplet is water based, various oils or high molecular weight alcohols (e.g., pentanol, octanol, etc.) may be used. 
[002S] The mlcrolens 100C of FIG. 3C was tested. The mlcrolens included a droplet 102 including 20 |jJ of 0.01 
aqueous KNO3 solution. The Insulating layer 104b included a 3 iim thick polylmide layer coated with a very thin 
0.02 |un) layer of a highly fluorinated polymer that provided an Initial contact angle of approximately 1 09^ . A set of four 
gold electrodes 106 were arranged as shown In FIGS. 2B and 3C. The microlens included an ITO (indium tin oxide) 

^ glass plate as a conductive transparent supporting substrate 11 Oa shown In FIG. 3C. Operating voHages between OV 
and approximately 150V were applied. 

[0026] A reverslt>le adjustment of the focal length of the microlens within the range between 6 mm and 8 mm was 
demonstrated. Also, an adjustment of a mlcrolens position within a range of about 3 mm In any lateral direction along 
the surface of the insulating layer was demonstrated. It should be understood that the obtained results do not represent 
3S the limltB of the ndcrolenSp but rather serve to Indicate that a tunable liquid mlcrolens may be fabricated which can vary 
both focal distance length and focal spot position. 

[0027] From the sbave, it should be apparent that the descrit>ed microlens may be designed to have a desired contact 
angle 0 when there is no voltage difference t>etween the droplet and the electrodes 106 and a desired contact angle 
hysteresis. This may be achieved by selecting appropriate materiais, dimensions, and volumes as guided by the equa- 

40 tlorts set forth above. The mlcrolens therefore allows substantial fteedom In both droplet curvature and position control, 
theret>y leading to a wide range of tunabUlty in the mlcnolens. focal length, focal spot position, and numerical aperture. 
[0028] One of ordinary skill should realize that the microlens of the present invention may be utilized in several 
optoelectronic applications. For example, the mlcrolens may be used to achieve optimal coupling between an optical 
signal transmitler 204, such as a laser, and an optical signal receiver 202, such as a photodetedor. This is illustrated 

49 In RG. 4. It should be understood from FIG. 4 that the optical signal tmn transmitter 204 Is diverging and will be focused 
behind the focal plane 206. The lens focal distance and lateral positioning of the focal spot 208 within focal plane 206 
of the microlens 100 may be adjusted as described ebove by selectively biasing the plurality of electrodes 106 to 
acMeve this optimal coupling. The biasing electrodes can be selectively biased untQ the highest power Is detected at 
receiver 202 - representing the optimal coupling t>etween transmitter 204 and receiver 202. Currently, optoelectronic 

so paclcages, i.e., physical apparatuses incorporating optoelectronic components such as lasers and/ or photodetectors, 
are calibreted by physically moving component parts to achieve optimal coupflng. This process can be stow and quite 
expensive. By Including at least one microlens of the present invention in the apparatus, the need to physically align 
component parts lo achieve optimal coupDng Is eliminated. Rather, the focal length and lateral position of the focal 
spot of the microlens of the present Invention nnay be adjusted to redirect an optical signal from a tFansmitter to a fbced 

ss receiver. 

PI029] Inanotherexemplaryappllcalion illustrated in FIG. 5, a microlens 100, or plurality of microlenses of the present 
Invention, is utilized to couple an optoelectronic component, such as a photodetector 506 that Is surges mounted 
through a bait grid array 512 on a printed circuit board 500, with an embedded planar waveguide 504. Light propagates 
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through a core 502 of planar waveguide 504 as indicated by the dlnectionai arrows. The Gght is reflected by a mirror 
edge 508 towards a top surface 510 of the printed circuft board 500. A tunable liquid microlens 100 is disposed on the 
top surlace 510 of the printed circuit lioard 500 and directs the light 502 toward photod^ector 506 m the direction 
shown. The electrodes of the tunable liquid microlens 100 may be seiectively biased to adji^t the focal length and 
lateral focal spot position of the microlens 100 in order to tune the microlens 100 to optimize the transmission of the 
light Irom the planar waveguide 504 to the photodetector 506. The shape of the microlens Is maintained by the appli- 
cation of the appropriate voltage. 

[0030] Although the Invention has been described In terms of exemplary embodiments, It is not limited thereto. Rather, 
the appended claims should be construed broadly to include other variants and embodiments of the Invention which 
may be made by those skilled In the art without departing from the scope and range of equivalents of the Invention. 



Claims 

1- A tunable liquid microlens, comprising: 
an insulating layer; 

a droplet of a transparent conducting liquid disposed on a first surface of said insulating layer; and 
a plurality of electrodes insulated fh>m said droplet by said insulating layer, 

said plurality of electrodes being disposed such that they may be seiectively biased to create a respective 
voltage potential between said droplet and each of said plurality of electrodes, 

whereby a contact angle t>etween said droplet and said first surliaoe is variable and said droplet may be repo- 
sitioned along said first surface. 

2. The tunable liquid microlens of cl^m 1 , further comprising a droplet electrode for biasing said droplet with respect 
< to said plurality of electrodes. 

3. The tunable Hquid microlens of claim 2, wherein said droplet electrode includes a conductive transparent sut)strate 
disposed along a second surface of said insulating layer, said second surface being opposite said first surface, 
said insulating layer defining an aperture through said insulating layer whereby said droplet at least partly occupies 
said aperture and is in eiectricai communication with said droplet electrode. 

4. The tunable liquid microlens of dalm 2, wherein said droplet electrode comprises: 

a conductive lead affixed to said first surface of said Insulating layer and contacting said droplet; and 
a conductive transparent substrate disposed along a second surface of said insulating layer, said second 
surface being opposite said first surface, said conductive lead coupling said droplet to said conductive trans- 
parent substrate. 

5. The tunat>le liquid mlcroi^is of dalm 1, wherein sedd droplet is substantfedly encompassed by a liquid that is im- 
miscible with said droplet, said liquid protecting ssdd droplet from evaporation. 

6. An apparatus, including: 

a transmitter, said transmitter providing an optical signal; 
a receiver, said receiver receiving said optical signal; and 

a tunable liquid microlens disposed to direct said optical signal from said transmitter to said receiver, said 
tunable liquid ntlcrolens comprising: 

an insulating layer; 

a droplet of a transparent conducting liquid disposed on a first surface of said Insulating layer; and 
a plurality of etedrodes Insulated from said droplet by said insulating layer, 

said plurality of electrodes being disposed such that they may be selectively biased to create a respective 
voltage potential between said droplet and each of said plurality of electrodes, 

whereby a contact angle t>etween said droplet and said first surface Is variable and said droplet may be 
repositioned along said first surface, 

whereby a focal length and a lateral position of a focal spot of said microlens are adjusted to direct said 
optical signal from said transmitter to said receiver. 
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7. A method of transmitting an optical signal, comprising the steps of: 

directing said optical signal from a first location towards a liquid microlens, said liquid mlcrdens Including a 
droplet of a transparent conducting liquid disposed on a first surfiace of an insulating layer; and 
tuning said liquid microlens to redirect said optical signal, said tuning step comprising the steps of: 

selectiveiy biasing a plurality of electrodes insulated from said droplet by said insulating layer to create a 
respective voltage potential between said droplet and each of said plurality of electrodes. 

a. The method of dalm 7, wherein said step of selectively biasing Includes the step of selectively biasing said plurality 
of electrodes to vary a contact angle between said droplet and said first surface, 
whereby a focal length of said liquid microlens is adjusted. 

9. The method of dalm 7, wherein said step of selectively biasing includes the step of selectively biasing said plurality 
of electrodes to reposition said droplet along said first surface, 

whereby a lateral position of a focal spot of said liquid microlens is adjusted. 

10. The method of claim 7, wherein said step of selectively biasing includes the tlie following steps: 

selectiveiy biasing said plurality of electrodes to vary a contact angle between said droplet and said first surface, 
whereby a focal length of said tunable liquid microlens is adjusted, and 
selectively biasing said piuraiily of electrodes to reposition said droplet along said first surface, 
wtieretiy a lateral position of a focal spot of said liquid microlens Is adjusted. 
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FIG, 2A 
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FIG, 2C 




FIG. 2D 




•fA 



EP 1 271 218 A1 



FIG. 2E 
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